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Thymic epithelial cells in the medulla (mTECs) play a
critical role in enforcing central tolerance through
expression and presentation of tissue-specific
antigens (TSAs) and deletion of autoreactive thymo-
cytes. TSA expression requires autoimmune regu-
lator (Aire), a transcriptional activator present in a
subset of mTECs characterized by high CD80 and
major histocompatibility complex II expression and
a lack of potential for differentiation or proliferation.
Here, using an Aire-DTR transgenic line, we show
that short-term ablation specifically targets Aire+
mTECs, which quickly undergo RANK-dependent re-
covery. Repeated ablation also affects AiremTECs,
and using an inducible Aire-Cre fate-mapping sys-
tem, we find that this results from the loss of a subset
ofmTECs that showed prior expression of Aire, main-
tains intermediate TSA expression, and preferentially
migrates toward the center of the medulla. These
results clearly identify a distinct stage of mTEC
development and underscore the diversity of mTECs
that play a key role in maintaining tolerance.
INTRODUCTION
Central tolerance in the thymus plays a critical role in preventing
T cell reactivity to self and the prevention of autoimmunity (Stri-
tesky et al., 2012). Medullary thymic epithelial cells (mTECs)
are a specialized antigen-presenting cell type for guiding central
tolerance, which they enforce through their expression of a wide
array of tissue-specific self-antigens (TSAs) (Derbinski et al.,
2001; Metzger and Anderson, 2011). TSA expression depends
in part on Aire (Anderson et al., 2002), which was originally iden-
tified as the defective gene in themonogenic, multiorgan autoim-
mune syndrome autoimmune polyglandular syndrome type 1
(Finnish-German APECED Consortium, 1997; Nagamine et al.,
1997). While the molecular mechanisms by which Aire enables166 Cell Reports 5, 166–179, October 17, 2013 ª2013 The AuthorsTSA expression in mTECs are not fully elucidated, many individ-
ual Aire-dependent TSAs have unique roles for enforcing central
tolerance (DeVoss et al., 2006; Shum et al., 2009; Su et al., 2012).
Early reports found that transgenic Aire-dependent antigen
expression enforced central tolerance primarily through negative
selection (Liston et al., 2003; Anderson et al., 2005), and later
reports found that endogenous Aire-dependent antigens can
also mediate efficient negative selection of autoreactive
epitope-specific T cell clones in a polyclonal setting (DeVoss
et al., 2006; Taniguchi et al., 2012). More recently, transgenic
and endogenous Aire-dependent antigens have also been found
to serve as ligands for regulatory T (Treg) cell induction (Aschen-
brenner et al., 2007; Malchow et al., 2013).
Expression of Aire in the postnatal state has been found pre-
dominantly within a subset of mTECs (Heino et al., 1999; Zuklys
et al., 2000; Derbinski et al., 2001; Gray et al., 2007), consistent
with its critical role in central tolerance induction. The Aire+
mTEC subset uniformly exhibits high major histocompatibility
complex (MHC) class II and CD80 expression (Ga¨bler et al.,
2007; Gray et al., 2007) and is thought to be most important for
enforcing negative selection of autoreactive thymocytes, while
Aire mTEC subsets can express both high and low amounts
of these markers. Given the observations that MHC class IIlo
mTECs precede MHC class IIhi mTECs during ontogeny (Ga¨bler
et al., 2007; Hamazaki et al., 2007) and can give rise to MHC
class IIhi mTECs in in vitro cultures (Rossi et al., 2007; Gray
et al., 2007), MHC class IIlo mTECs appear to represent a precur-
sor of Aire+ mTECs. In line with this precursor-product relation-
ship, many Aire mTECs are actively dividing in a steady-state
adult thymus and presumably replace nondividing Aire+ mTECs,
which undergo a substantial amount of turnover and replace-
ment (Gray et al., 2007; Ga¨bler et al., 2007). However, other
evidence has suggested that Aire may mark an mTEC subset
with further differentiation potential (Gillard et al., 2007; Yano
et al., 2008; Nishikawa et al., 2010; Wang et al., 2012).
A number of signaling components converging on NF-kB acti-
vation appear to play an important role in mTEC development,
particularly the tumor necrosis factor receptor family members
RANK and CD40, which signal through TRAF6 (Akiyama et al.,
2005; Rossi et al., 2007; Akiyama et al., 2008; Hikosaka et al.,
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Figure 1. The Aire-DTR Mouse Facilitates Efficient Ablation of Aire+ mTECs
(A) Schematic of the Aire-DTR transgene targeting expression of a DTR-GFP fusion protein to a 175 kb BAC containing the murine Aire locus.
(B) Immunofluorescent staining of GFP (green) and Aire (red) in thymic sections from Aire-DTRmice, 24 hr after a single dose of 50 ng/g DT (+DT). Scale bars =
25 mm. Representative of two independent experiments.
(C) Percent GFP+ MHCII+ CD45 mTEC survival after two daily injections of the indicated DT dose, standardized to untreated Aire-DTR controls.
(D) Flow cytometric analysis of MHC class II and GFP expression in mTECs (CD45, EpCAM+, Ly51) from the indicated mice 24 hr after one dose of 50 ng/g DT.
Representative of two independent experiments (n = 4).
(E) Quantification of (D), showing total events per thymus of the indicated mTEC subsets.2008; White et al., 2008). Crosstalk between developing stromal
cells and lymphoid cells bearing ligands for these receptors is
required for proper mTEC differentiation (Rossi et al., 2007).
Additional signals, including ligands operating through the lym-
photoxin b receptor, also contribute to proper mTEC develop-
ment and homeostasis (Boehm et al., 2003; White et al., 2010).
Despite the clear requirement for these pathways in develop-
ment, their role in the regulation of the adult mTEC compartment,
which undergoes both homeostatic turnover and phases of invo-
lution and recovery following infection (Ross et al., 2012), re-
mains undefined.
Here, we utilized genetic ablation and fate-mapping tech-
niques to examine the role of Aire in the development and main-
tenance of the mTEC compartment at baseline and in response
to dynamic changes. We developed an Aire-regulated bacterial
artificial chromosome (BAC) transgenic mouse line that drives
the expression of the high-affinity diphtheria toxin receptor
(DTR) to allow controlled ablation of Aire-expressing cells in vivo.
Treatment of Aire-DTR transgenic mice with diphtheria toxin (DT)
demonstrated that Aire-expressing mTECs are efficiently abla-
ted, but long-term DT treatment of Aire-DTR mice resulted in
ablation of the entire mTEC compartment and loss of immune
tolerance. Detailed fate-mapping experiments with an inducible
Aire-Cre mouse strain revealed a large and unique population
of post-Aire-expressing mTECs. These post-Aire mTECs main-
tained intermediate Aire-dependent TSA expression but reduced
their expression of mTECmaturation markers and becamemore
centrally located within the medulla. Finally, DT-mediated mTECCablation revealed a remarkable regenerative potential of mTECs
to repopulate the thymus in a RANK-dependent manner.
RESULTS
An Aire-DTR Mouse Allows Targeted Ablation of Aire+
mTECs
The importance of Aire in mediating selection events led us to
create a transgenic mouse expressing the human DTR (also
knownas heparin-binding EGF-like growth factor) under the tran-
scriptional control of Aire (Aire-DTR) in order to allow temporal
control of Aire+ mTEC apoptosis following diphtheria toxin (DT)
administration (Jung et al., 2002; Kim et al., 2007). A previously
characterized DTR-GFP construct (Jung et al., 2002; Kim et al.,
2007) was placed under control of the Aire promoter using a
BAC (Gardner et al., 2008) (Figure 1A). In Aire-DTR mice, DTR-
GFP was expressed specifically by mTECs within the thymus
and colocalized with Aire by immunofluorescence (Figure 1B).
An initial assessment of DT-mediated ablation showed complete
lossofAire-expressing cells followinga single injection ofDT (Fig-
ure 1B), and a titration of DT dosing revealed a dose-response
curve that was similar to that observed in other DTR ablation sys-
tems (Jung et al., 2002; Kim et al., 2007) (Figure 1C). Flow cyto-
metric analysis confirmed that GFP expression was specific to
the MHC class IIhi mTEC subset and that GFP+ mTECs were
efficiently ablated with a single dose of DT (Figure 1D). We also
observed some loss of GFP mTECs with DT treatment,
although the weakness of signal from the DTR fusion protein,ell Reports 5, 166–179, October 17, 2013 ª2013 The Authors 167
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Figure 2. Extended Aire+ mTEC Ablation Depletes All mTEC Subsets
(A) Immunofluorescent staining of thymi from mice receiving 50 ng/g DT either once (24 hr) or five times (over 9 days) stained for cytokeratins 5 and 8 (K5, green;
K8, red). Broken lines indicate the corticomedullary junction. Scale bars represent 400 mm. Representative of three independent experiments.
(B) Flow cytometric analysis of MHC class II and GFP expression in mTECs (CD45, EpCAM+, Ly51) from same conditions in (A).
(C) Quantification of (B), showing total events per thymi of the Aire-DTR mice, from two independent cohorts of mice (n = 4).
(D) Immunofluorescence images of CD11c (green) and CD4 (red) staining of thymic sections from wild-type and Aire-DTR mice given repeated DT injections.
Broken lines indicate the corticomedullary junction. Scale bars, 400 mm. Representative of three independent experiments.
(E) Total thymic cellularity from littermate wild-type and Aire-DTR mice after receiving repeated DT treatment, from two independent cohorts.as seen in other DTR systems (Jung et al., 2002; Meredith et al.,
2012), underreported Aire expression to some extent (T.C.M.
and I.S.K., unpublished data). Importantly, the MHC class IIlo
fraction of mTECs remained intact after a single DT treatment.
Outside of the thymus, we also observed DT-mediated ablation
of extrathymic Aire-expressing cells (eTACs), a rare population
present in secondary lymphoid organs (Gardner et al., 2008)
(T.C.M. and J.M.G., unpublished data). For clarity, we chose to
focus our initial experimental efforts on the mTEC compartment.
Extended Aire+ mTEC Ablation Depletes All mTEC
Subsets
We next sought to determine the effects of continuous Aire+
mTEC ablation on the architecture and cellularity of the mTEC168 Cell Reports 5, 166–179, October 17, 2013 ª2013 The Authorscompartment. We administered DT every 48 hr to a cohort of
Aire-DTR mice, analyzed GFP+ mTEC ablation at various time
points after the beginning of treatment, and found that GFP+
mTECswere still completely ablated after five rounds of DT treat-
ment. However, we observed recovery of GFP+ mTECs with DT
treatment beyond this time point (T.C.M., unpublished data), pre-
sumably due to antibody-mediated DT neutralization (Buch et al.,
2005). Thus, we chose to use a 9-day ablation time course and
found that repeated Aire+ mTEC ablation led to a substantial
loss of cytokeratin 5+ mTECs (Figure 2A), with depletion of both
GFPMHCclass IIhimTECsaswell asMHCclass IIlomTECs (Fig-
ures 2B and 2C). Interestingly, despite the absence of mTECs
from these mice, CD4+ thymocytes and CD11c+ DCs were still
observed throughout the medulla (Figure 2D). Total cell counts
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Figure 3. mTEC Ablation Leads to Impaired CD4+ T Cell Selection and Autoimmunity
(A) Flow cytometric plots of CD4 and CD8 staining and percentages of CD4 SP events of thymocytes in female mice of the indicated genotype at the end of
repeated DT treatment. Data are representative of three independent experiments.
(B) Histograms of Foxp3 staining among CD4 SP fractions shown in (A) for either wild-type (blue) or Aire-DTR (red) mice.
(C) Flow cytometric plots of CD4 and CD8 staining and percentages of CD4 SP events of thymocytes in mice of the indicated genotype at the end of repeated DT
treatment. Mean ± SD. CD4 SP percent is shown for three or four mice per group from two independent experiments.
(D) Representative histograms of Foxp3 staining among CD4 SP events gated in (C).
(E) Plot of meanweights over time of a cohort of five or sixmice of each indicated genotype. A total of 25 ng/g DTwas given i.p. every 48 hr between 7 and 21 days.
(F) Representative flow cytometric plot of CD44 and CD62L staining of CD4+ splenocytes analyzed at 14 weeks of age.
(G) Quantification of (F) for the cohort of mice in (E, left) and quantification of Foxp3+ (%) events among CD4+ splenocytes for the same cohort of mice. Data are
presented as mean + SD.
(H) Representative histological analyses of lacrimal glands from mice in (E) stained with hematoxylin and eosin (left) and infiltrate scores for the same cohort of
mice (right).
Scale bars represent 100 mm. See also Figure S1.between ablated and control mice were similar, indicating that
ablation in the Aire-DTR mouse was specific to mTECs and did
not lead to a dramatic loss of thymocytes (Figure 2E).
mTEC Ablation Leads to Impaired CD4+ T Cell Selection
To examine the effects of mTEC ablation on ongoing thymic se-
lection in a polyclonal setting, we again continuously ablatedCmTECs over 9 days and observed a substantial increase in the
proportion of CD4 single-positive (SP) thymocytes within
mTEC-ablated thymi (Figure 3A), consistent with defective nega-
tive selection of a subset of the developing T cell pool in the
absence of the mTEC compartment. Furthermore, we observed
that the proportion of developing Foxp3+ Treg cells among CD4
SP cells in the thymus was decreased (Figure 3B), although thisell Reports 5, 166–179, October 17, 2013 ª2013 The Authors 169
was partially counterbalanced by the overrepresentation of total
CD4 SP events in mTEC-ablated mice.
We next turned to the RIP-mOVA model of neo-self-antigen
expression within Aire+ mTECs, in which the rat insulin promoter
drives expression of the model antigen ovalbumin (OVA) in a
membrane-bound form and examined how mTEC ablation
affected negative selection of the OVA-specific OT-II CD4+
TCR transgenic line (Anderson et al., 2005). We analyzed thymo-
cytes from OT-II, OT-II RIP-mOVA, and OT-II RIP-mOVA Aire-
DTR mice that had received repeated DT treatments and found
that OT-II RIP-mOVA mice had dramatically reduced CD4 SP
events, as reported previously (Anderson et al., 2005). In
contrast, mTEC ablation in OT-II RIP-mOVA Aire-DTR mice
completely removed OT-II mediated negative selection, and
CD4 SP T cell development in OT-II and OT-II RIP-mOVA Aire-
DTR mice was indistinguishable (Figure 3C). Furthermore, the
development of Treg cells observed in the presence of thymic
OVA was also lost with mTEC ablation and the removal of
cognate antigen from the thymus (Figure 3D). Finally, antibodies
specific for the TCR chains of theOT-II TCR confirmed that while
negative selection in RIP-mOVA mice led to a lower frequency
and intensity of the OT-II TCR, OT-II T cells with normal antigen
affinity developed in the absence of mTECs (Figure S1). Taken
together, these results demonstrate that transgenic ablation of
mTECs in the adult thymus leads to a loss of proper selection
in both polyclonal and transgenic settings.
We next returned to a polyclonal setting to look for functional
defects in tolerance resulting from mTEC ablation. Initially, we
treated mice from birth, as central tolerance induction to Aire-
dependent antigens is most critical at this stage (Guerau-de-
Arellano et al., 2009). While others have reported a lack of
nonspecific DT toxicity in newborn mice (Kim et al., 2007), treat-
ment of mice starting from birth was lethal in our mouse colony
(T.C.M., unpublished data). We next treated mice beginning at
1 week of age and found that weight gain in the treated mice
slowed toward the end of the treatment regimen (Figure 3E)
but that the mice survived and gained weight normally after
weaning. We monitored the mice up to 14 weeks of age and
observed a substantial increase in the proportion of CD44+
CD62L memory/effector T cells in the periphery at this time
point (Figure 3F), suggesting increased leakage of autoreactive
T cells from the thymus following mTEC ablation. Unlike the
decreased proportions of thymic Treg cells we observed imme-
diately following mTEC ablation, we found increased percent-
ages of peripheral Treg cells in mice that had experienced
mTEC ablation before weaning (Figure 3G). Lastly, we observed
a significant increase in tissue infiltrates of lacrimal glands (Fig-
ure 3H), demonstrating that mTEC ablation in the postnatal
thymus leads to a functional break in tolerance.
Lineage Tracing Identifies a Post-Aire, MHC Class IIlo
Stage of mTEC Development
Our observation that repeated DT-mediated ablation of Aire+
mTECs led to ablation of mTECs outside of this pool led us to
address whether or not there might be a post-Aire stage of
mTEC development. Toward this end, we created an inducible
Aire-Cre line in which tamoxifen treatment would allow nuclear
localization and loxP-directed excision in Aire-expressing cells170 Cell Reports 5, 166–179, October 17, 2013 ª2013 The Authors(Figure 4A). Because transient Aire expression occurs during
embryogenesis (Nishikawa et al., 2010), we used a previously
described approach of dual flanking of the Cre recombinase
with tamoxifen receptor cassettes to allow strict temporal con-
trol of Cre activity (Matsuda and Cepko, 2007). We then crossed
these mice with a mouse strain harboring Cre-inducible TdTo-
mato (RFP) under control of the ubiquitous Rosa26 promoter
to generate mice where Aire-expressing cells would be irrevers-
ibly labeled through constitutive RFP expression following
tamoxifen treatment. Lineage-tracing mice were treated with
tamoxifen, and we observed strong RFP labeling of a subset of
EpCAM+ mTECs (Figure 4B). RFP-labeled cells had a high de-
gree of costaining with nuclear Aire protein as expected (Fig-
ure 4C) and, importantly, we saw no evidence of RFP labeling
in the absence of tamoxifen treatment (Figures 4B and 4C), indi-
cating the absence of background Cre activity.
We next addressed the developmental fate of Aire+ mTECs by
delivering a single dose of tamoxifen and analyzing the charac-
teristics of RFP-labeled mTECs over time. We observed a high
degree of coexpression of RFP and Aire-driven GFP at only
24 hr after tamoxifen treatment (Gardner et al., 2008) (Figure 5A),
demonstrating highly specific labeling of Aire+ mTECs at day 0.
However, when we examined Aire-GFP expression by RFP+
mTECs a week or more after a single dose of tamoxifen treat-
ment, we found that many labeled mTECs were no longer
actively expressing Aire, and that roughly half of all labeled
mTECs progressed to this post-Aire stage within 10 days (Fig-
ure 5B). Importantly, we found that the overall decay in labeled
Aire+ GFP+ cells showed a half-life of about 7 days, consistent
with previous reports (Gray et al., 2007), but when post-Aire cells
were taken into account, labeled cells remained present in rela-
tively stable proportions within the first week of labeling (Fig-
ure 5B). Nevertheless, at 1 week after labeling, post-Aire mTECs
decayed at the previously reported rate, suggesting a lack of
further differentiation or expansion capacity among this popula-
tion. We also examined MHC class II expression on post-Aire
mTECs and found that in addition to losing expression of Aire-
GFP signal and Aire protein (Figure S2A), a substantial fraction
of post-Aire mTECs could also revert to anMHC class IIlo pheno-
type (Figure 5C). By immunofluorescent staining, we again found
that while Aire-GFP, RFP, and nuclear Aire protein colocalize
shortly after tamoxifen treatment, by day 7 after tamoxifen
many post-Aire cells express only RFP (Figure 5D). Post-Aire
cells at 21 days after labeling continued to be localized to theme-
dulla, and while Aire and Aire-GFP signals tended to outline the
edge of the medullary region, as shown previously (Zuklys
et al., 2000; Yano et al., 2008), post-Aire RFP cells appeared to
be preferentially localized toward the center of the medulla by
2D and 3D imaging (Figures S2B and S2C). We further investi-
gated the differential localization of Aire+ and post-Aire mTECs
21 days after labeling and found that while Aire+ mTECs were
preferentially localized to the outer portion of the medulla, as
described previously (Irla et al., 2013; Yano et al., 2008), post-
Aire mTEC distribution was skewed toward the center of the me-
dulla (Figures 5E–5H).
Given the phenotypic similarity between MHC class IIlo post-
Aire mTECs and the potential mTEC progenitor population, we
sought to directly assess the potential of post-Aire mTECs to
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Figure 4. The Aire-Cre Mouse Allows Inducible Labeling of Aire-Expressing mTECs
(A) Schematic of the Aire-Cre transgene targeting expression of an ERT2-Cre-ERT2 fusion protein to Aire+ cells through a 175 kb BAC containing the Aire locus
(top). When crossed with the Ai14 Rosa26 RFP mice (bottom), tamoxifen-induced Cre activity excises the stop codon to allow constitutive RFP (TdTomato)
expression.
(B) Flow cytometric analysis of thymic stromal fractions fromAire-Cre x Ai14mice given 7mg tamoxifen or corn oil at day 0 and day 3 and analyzed on day 5. Plots
show EpCAM and RFP signal on CD45 events.
(C) Representative immunofluorescent staining of Aire and RFP from thymic sections of the samemice as (B), withmock corn oil or tamoxifen injections indicated.
Scale bars represent 50 mm (left and middle) and 20 mm (right).contribute to mTEC cellularity followed DT-mediated mTEC
ablation. We labeled Aire+ mTECs through tamoxifen treatment,
waited for a fraction of labeledmTECs to turn off Aire expression,
and then ablated remaining Aire+ mTECs through the Aire-DTR
transgene (Figure S2D). In line with the homeostatic decay of
post-Aire mTECs, we observed that RFP-labeled mTECs were
relatively scarce after recovery from a single DT ablation (Fig-
ure S2E), thus further supporting a linear relationship between
Aire mTEC precursors, Aire+ mTECs, and a final, distinct
post-Aire state.
Post-AiremTECs LoseMaturation Markers butMaintain
Intermediate TSA Expression
Aire expression in mTECs is critical for the proper expression of
TSAs within the thymus (Anderson et al., 2002). Thus, we ad-
dressed whether TSA expression occurred only in mTECs that
were actively coexpressing Aire, as suggested in an approach
where relatively long-lived LacZ activity was used to identify
post-Aire cells (Wang et al., 2012), or whether Aire might permit
the further differentiation of mTECs into a post-Aire, TSA-ex-
pressing state (Farr et al., 2002; Yano et al., 2008). We identified
post-Aire mTECs by sorting out MHC class IIlo RFP+ mTECs,
which uniformly lack Aire protein (Figure 6A), 7 days after a single
tamoxifen labeling and compared gene expression with other
mTEC fractions. Importantly, expression of Aire and MHC class
II at the transcript level mirrored our observations at the protein
level, and the expression patterns of the maturation markersCCD80 and CD86 were also consistent with the loss of a mature
phenotype by post-Aire mTECs (Figure 6B). We also found that
involucrin (Ivl), a marker suggested to identify the last stages of
mTEC development (Yano et al., 2008; White et al., 2010;
Wang et al., 2012), was markedly increased in the post-Aire line-
age. Lastly, we addressed relative TSA expression by post-Aire,
MHC class IIlo mTECs and other mTEC subsets and found that
post-Aire mTECs continued maintain substantially higher TSAs
expression than RFP MHC IIlo mTECs, which were enriched
for pre-Aire mTECs (Figure 6C). Importantly, post-Aire mTECs
had lower TSAs expression than the mature, Aire+ mTEC-con-
taining subset, which suggests a direct role for Aire in facilitating
TSA expression but not maintaining it. These results identify
post-Aire MHC IIlo mTECs as a population with distinct TSA
and antigen-presenting capabilities, which may indicate a
unique role for this population in driving central tolerance.
RANK Signaling Controls Aire+ mTEC Homeostasis and
Regeneration
While previous reports have noted a capacity for involution and
regeneration by thymic epithelial cells in response to pharma-
ceutical agents (Fletcher et al., 2009), direct ablation and recov-
ery of mTECs has not yet been addressed. We thus returned to a
short-term DT-mediated ablation of Aire+ mTECs to address the
regulation of Aire+ mTEC development in the adult thymus.
Following a single ablation of Aire+ mTECs (Figure 7A), we
observed that a substantial number of Aire+ GFP+ mTECs wereell Reports 5, 166–179, October 17, 2013 ª2013 The Authors 171
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Figure 5. Post-Aire mTECs Downregulate MHC Class II
(A) Flow cytometric analyses of Aire-Cre 3 Ai14(Rosa26-RFP) 3 Aire-GFP (Adig Aire-reporter) mice treated with 2 mg tamoxifen at day 0 and analyzed at the
indicated time points. Plots are pregated on CD11c, CD45, EpCAM+ events and are representative of two independent experiments (n = 4).
(B) Plots from mice analyzed as in (A), showing mean ± SD over time of indicated populations, pooled from four independent experiments.
(C) Representative histograms of MHC class II expression by indicated GFP versus RFP subsets gated in (A).
(D) Representative immunofluorescent analyses of thymi frommice shown in (A) with overlays of GFP (green), RFP (red), and/or Aire (blue) as indicated. Scale bar
represents 50 mm.
(E) Schematic of subregions of the medulla for which densities were calculated in the following displays. Concentric 50 mm regions starting from the cortico-
medullary boundary were defined, with the outer region most proximal to the boundary, and the density of mTEC subsets within each region was determined.
(legend continued on next page)
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Figure 6. Post-AiremTECs LoseMaturation
Markers but Maintain Intermediate TSA
Expression
(A) Representative flow cytometric analysis of an
Adig 3 Aire-Cre 3 Ai14 (Rosa26-RFP) mouse
treated with tamoxifen 7 days prior to analysis.
mTECs were identified as CD11c (not shown)
and CD45 EpCAM+ (left). A polychromatic plot
shows the distribution of MHC class II and RFP
signal among TECs (middle), and Aire staining
of the indicated quadrants (MHCIIhi RFP, green;
MHCIIhi RFP+, yellow; MHCIIlo, RFP+, red) is
shown to the right, demonstrating the lack of Aire
expression among RFP+ MHCIIlo events.
(B) Quantitative PCR analyses of indicated matu-
ration targets (H2-Ab1, MHC class II; Ivl, in-
volucrin; RANK, Tnfrsf11a; OPG, Tnfrsf11b) on
populations depicted in (A). Results are repre-
sentative of two or three independent sorts. Data
are presented as mean ± SD. (C) Quantitative PCR
analyses of indicated Aire-dependent TSA targets
(left) and Aire-independent TSAs on populations
depicted in (A). Crp, C-reactive protein; Gad67,
Gad1; Csnb, Csn2, casein beta. Results are
representative of two or three independent sorts.
Data are presented as mean ± SD.regenerated within 3 days (Figure 7B). Furthermore, fluores-
cence-activated cell sorting (FACS) analysis of thymi at several
stages of recovery revealed that mTEC subset ratios had
returned to normal proportions within a week of ablation (Fig-
ure 7C). Prior studies have suggested that Aire+ mTECs develop
from an immatureMHC class IIlo CD80 precursor population via
an MHC class IIhi Aire intermediate stage (Gray et al., 2007;
Rossi et al., 2007), and in line with these observations, we ad-
dressed whether or not mTEC recovery might be impaired after
a longer DT-mediated ablation regimen in which all subsets of
mTEC are ablated. In line with these studies, we found that the
additional loss of Aire mTECs with repeated DT treatment led
to an impaired recovery potential 7 days after cessation of the
repeated DT regimen (Figures 7D–7F). Importantly, we observed
that ablated mTECs were ultimately able to recover to the same(F) Calculation of GFP+mTEC densities (cells per 100 mm2) among the entire medullary region (all) and within th
from 21 medullary regions imaged from four separate thymi of Aire-Cre 3 Ai14(Rosa26-RFP) 3 Aire-GFP
treatment.
(G) Calculation of RFP+ mTEC densities as in (F).
(H) Comparison of the ratio of GFP and RFP densities across the outer and mid regions showed statistical s
See also Figure S2.
Cell Reports 5, 166–179,extent as their wild-type controls, sug-
gesting that repeated DT treatment quan-
titatively, but not qualitatively, affects the
recovery potential of mTECs.
RANK signaling through TRAF6 is an
important mediator of Aire+ mTEC devel-
opment (Akiyama et al., 2005, Rossi et al.,
2007; Akiyama et al., 2008; Hikosaka
et al., 2008), but the importance of this
pathway has been established primarilyduring thymic organogenesis. In order to determine the contribu-
tion of RANK signaling to the recovery of Aire+ mTECs in adult
mice, we blocked RANK signaling with a RANK ligand antibody
during recovery from a single DT treatment (Figure 7G). Interest-
ingly, we found that blockade of this pathway substantially
reduced the proportion of Aire+ mTECs present in control mice
after 5 days of RANK signaling blockade (Figure 7G), consistent
with a high degree of constitutive Aire+ mTEC turnover (Gray
et al., 2007) and a requirement for RANK signaling in this pro-
cess. In the context of recovery from Aire+ mTEC ablation, we
observed that isotype-treated mice recovered completely and
exhibited the previously reported phenomenon of Aire+ mTEC
overshoot (Fletcher et al., 2009), which was more apparent
than when indirectly assessing Aire expression through GFP
(Figure 7C). Additionally, the effect of RANK signaling blockadee three concentric regions depicted in (E). Data are
(Adig Aire-reporter) mice 21 days after tamoxifen
ignificance using a paired t test.
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Figure 7. RANK Signaling Controls Aire+ mTEC Development
(A) Schematic of single DT treatment (50 ng/g) of Aire-DTR mice and subsequent time points of analysis.
(B) Immunofluorescent analysis of serial sections from mice after 1 or 3 days of recovery, with GFP (green) and Aire (red) above, or cytokeratin 5 (K5; green) and
cytokeratin 8 (K8; red). Scale bars represent 100 mm. Data are representative of three independent experiments.
(C) Quantification of flow cytometric analysis of thymi at the indicated time points of recovery from DT treatment, showing mean ± SD of the percent of mTECs in
either MHC class IIlo, MHC class IIhi GFP, or MHC class IIhi GFP+ gates. n = 4 per time point, pooled from two independent experiments.
(D) Schematic of repeated DT treatment and recovery analysis at 1 or 3 weeks after the end of DT treatment.
(E) Representative immunofluorescent staining of K5 (green), K8 (red), or Aire (blue) in thymic sections of the indicated genotype after 1 week of recovery from
mTEC ablation. Scale bars represent 400 mm.
(F) Quantification of flow cytometric analysis of thymi at the indicated time points of recovery frommTEC ablation, showing themean of the total numbers of MHC
class IIhi mTECs per thymus.
(G) Schematic of DT treatment and i.p. injections of either anti-RANK-L or isotype control (upper left) followed by analysis after 5 days of recovery (upper left), and
representative flow cytometric of MHC II and Aire staining of CD11c, CD45, EpCAM+ mTECs from indicated mice. n = 4 per condition.
(H) Representative histograms of Ki67 staining of populations in (G) for PBS-treated (blue) or DT-treated (red), isotype-treated DTR+mice (top), and quantification
of mean ± SD of percent Ki67+ events among the indicated mTEC subsets from DTR+ mice receiving indicated treatments.
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was more dramatic in the context of recovery from DT-mediated
Aire+ mTEC ablation, as this process was completely blocked in
the absence of RANK signaling (Figure 7G). Finally, we assessed
the proliferative response of mTEC subsets during mTEC
recovery by Ki67 staining and found that RANK signaling was
required to allow enhanced proliferation of Aire mTEC subsets
during ablation recovery (Figure 7H). Taken together, these
results identify a striking capacity for RANK-dependent Aire+
mTEC induction and repopulation of the adult thymus.
DISCUSSION
Since the original identification of mTECs as the source of both
Aire and TSAs (Heino et al., 1999; Derbinski et al., 2001), there
has been debate about the role of Aire and of epithelial cell matu-
ration in driving TSA expression (Anderson et al., 2002; Farr et al.,
2002), and the relationship of Aire+ and Aire mTECs has re-
mained unclear. Here, using two separate genetic systems, we
have shown that (1) repeated ablation of Aire+ mTECs leads to
an unexpected loss of AiremTEC subsets; (2) following Aire in-
duction, Aire is downregulated in a final post-Aire mTEC stage
that retains intermediate TSA expression and acquires a distinct
anatomical localization with themedulla; and (3) the recovery po-
tential of Aire+ mTECs during adulthood depends on RANK
signaling and correlates with the availability of precursor MHC
class IIlo cells.
Aire mTECs Are Lost following Repeated Aire+ mTEC
Ablation
To investigate the relationships of Aire+ and Aire mTEC sub-
sets, we created an Aire-DTR mouse in which Aire+ mTEC
ablation could be temporally controlled. We found that while a
single DT treatment caused specific ablation of mature mTECs,
repeated DT-mediated ablation led to a loss of the putative
immature mTEC population as well. This was not a result of
general thymic atrophy, as total thymic cellularity remained
unchanged and both thymocytes and DCs continued to fill the
medulla. In contrast to evidence that Aire+ mTECs represent
a terminally differentiated population (Gray et al., 2007),
these results suggested that Aire+ mTECs could contribute to
the MHC class IIlo pool of mTECs. In fact, recent experiments
with a constitutive Aire-Cre have indicated that Aire+ mTECs
may adopt a more immature phenotype (Nishikawa et al.,
2010), although the specificity of labeling in this approach was
unclear.
Antigens expressed by mTECs may be handed off to and pre-
sented by DCs (Koble and Kyewski, 2009), and such indirect pre-
sentation can compensate for the lack of direct presentation by
mTECs (Aichinger et al., 2013). Therefore, it was unclear whether
mTEC ablation over the timespan of 9 days would be sufficient to
remove functionally relevant mTEC-derived antigens from the
thymus or whether such antigens might persist and continue to
be presented by DCs. To test the functional effects of mTEC
ablation, we first examined polyclonal thymocytes and found
that CD4 SP thymocytes were overrepresented in conditions of
mTEC ablation, similar to prior observations in mice with
mTEC-directed reductions in MHC II expression (Hinterberger
et al., 2010). These results suggested that a substantial propor-Ction of thymocytes, which would otherwise undergo deletion,
were instead surviving in the absence of mTEC-derived antigen.
The loss of negative selection to mTEC-derived antigen became
much more striking when we performed similar experiments in
the context of RIP-mOVA-mediated deletion of OT-II T cells, a
model in which antigen handoff may contribute to negative
selection (Hubert et al., 2011; Gallegos and Bevan, 2004). Impor-
tantly, this result determined that antigen handoff and/or per-
sistence among DCs was not sufficient to mediate detectable
negative selection during the duration of mTEC ablation that
we induced.
Finally, we found that mTEC ablation in a polyclonal setting
prior to weaning led to autoimmunity in adulthood. It should be
noted that eTAC ablation could have contributed to the observed
autoimmunity, although lack of specific TSA expression in the
thymus likely explains our observation of lacrimal gland autoim-
munity (DeVoss et al., 2010). Interestingly, lacrimal autoimmunity
has been one of the more penetrant phenotypes with a lack of
proper Aire function (Su et al., 2008), and we expect that more
extensive autoimmunity would have been observed if earlier
DT administration was feasible (Guerau-de-Arellano et al.,
2009). Taken together, these results show that mTEC ablation
in the Aire-DTR mouse leads to a loss of negative selection to
mTEC-expressed antigens and further highlight the critical role
of mTECs in providing unique ligands for thymic negative
selection.
Aire+ mTECs Lose Aire and MHC Class II in a Final Post-
Aire Stage
By developing an inducible Aire-Cre mouse, we were able to
specifically label Aire-expressing cells with constitutive RFP
expression and follow the developmental fate of these cells. In
contrast to previous reports with a germline Aire-Cre labeling
system (Nishikawa et al., 2010), our labeling was highly specific
to cells actively expressing Aire within 24 hr of tamoxifen-
induced labeling. However, by immunofluorescence and flow
cytometry, we observed that a substantial portion of Aire+
mTECs lost Aire expression within a week of labeling, and
many of these post-Aire mTECs adopted an MHC class IIlo
‘‘immature’’ phenotype. Furthermore, we found a change in the
distribution of post-Aire cells within the medulla after 21 days
of labeling. Over 10% of all mTECs adopted a post-Aire fate in
our experiment, which underestimates the total proportion of
post-Aire mTECs due to incomplete and temporally restricted la-
beling of Aire+ mTECs. The identification of a post-Aire mTEC
developmental stage explains at least in part our observation
that continued ablation of Aire+ mTECs leads to a loss outside
of the Aire+ mTEC compartment. We followed post-Aire mTECs
during homeostatic and ablation recovery conditions, and in
both, observed that post-Aire cells did not contain regenerative
potential. Thus, our observation of a post-Aire mTEC state was
consistent with our observations in the DT-mediatedmTEC abla-
tion and recovery, in that non-Aire+ mTECs could be ablated, or
prevented from forming, through continued DT treatment, but
the fundamental regenerative capacity of mTECs was not
dependent on the Aire+ subset.
Loss of Aire by mTECs is consistent with a model in which Aire
drives further maturation of the mTEC subset (Gillard et al.,ell Reports 5, 166–179, October 17, 2013 ª2013 The Authors 175
2007). However, we found that Aire-dependent TSA expression
was highest in MHC class IIhi cells and decreased following tran-
sition of post-Aire mTECs into the MHC class IIlo state. Thus, at
least in terms of TSA expression, Aire seems to directly drive or
stabilize expression of these transcripts (Abramson et al., 2010)
rather than facilitate transition into a specialized TSA-expressing
post-Aire cell. In line with this, recent work has found that TSAs
expressed endogenously in the pancreas do not require canon-
ical pancreatic differentiation factors for thymic expression
(Danso-Abeam et al., 2013). Nevertheless, the persistence of
TSA expression beyond the expression of Aire itself suggests
that post-Aire mTECs may have a role in inducing tolerance to
TSAs and could explain detection of TSAs among Aire mTECs
(Derbinski et al., 2005, 2008, Villasen˜or et al., 2008). While TSA
persistence in post-Aire mTECs could reflect different half-lives
of Aire and TSA transcripts, TSA persistence may also be related
to suggested mechanisms of Aire function in which Aire acts to
open TSA loci through epigenetic modification rather than
directly binding and driving transcription at target loci (Abramson
et al., 2010). Interestingly, we found that while canonical mTEC
maturation markers including CD80 and MHC class II were
decreased in post-Aire mTECs, involucrin, a potential marker
of a post-Aire state (Yano et al., 2008, White et al., 2010), was
in fact enriched in our post-Aire cells. Thus, the post-Aire
mTEC developmental stage has a distinct transcriptional profile
from the general pool of MHC class IIlo mTECs, despite being
indistinguishable by general maturation markers.
The lower amounts of TSAs and antigen presentation capabil-
ities in post-Aire mTECs suggests this developmental state may
support a feature of central tolerance other than negative selec-
tion of autoreactive T cells. Instead, such post-Aire cells may
provide architectural cues to the maintenance of the thymic me-
dulla, and we have observed altered localization of post-Aire
mTECs within the medulla. Indeed, the loss of the entire medul-
lary compartment with extended ablation of Aire+ mTECs may
have occurred not only due to the loss of both Aire+ and post-
Aire mTECs, but also from a loss of important organizational
cues provided by post-Aire mTECs. Proper architectural organi-
zation is likely required for appropriate regulatory T cell induc-
tion, as recent work has shown that altered orientation of medul-
lary components in the absence of XCL1 chemokine signals
leads to impaired regulatory T cell induction (Lei et al., 2011).
Furthermore, we speculate that post-Aire mTECs may also
have a direct role in induction of regulatory T cells, consistent
with the lack of regulatory T cells following extensive ablation
of both Aire+ and post-Aire mTEC in OT-II transgenic and poly-
clonal models. The reduced expression of both MHC class II
and antigen on post-Aire mTECs may promote regulatory
T cell survival over deletion or neglect, and in line with a require-
ment for intermediate TCR signaling in regulatory T cell develop-
ment, recent work has shown that the partial inhibition of MHC
class II expression by mTECs leads to enhanced selection of
regulatory T cells (Hinterberger et al., 2010).
RANK Signaling Controls Aire+ mTEC Homeostasis and
Regeneration
Our investigation into the recovery potential of mTECs in the
adult mouse revealed a remarkable capacity of Aire+ mTECs to176 Cell Reports 5, 166–179, October 17, 2013 ª2013 The Authorsbe regenerated following diphtheria toxin-mediated ablation of
this mTEC subset. The ability of the Aire+ mTEC pool to recover
from targeted ablation was much more dramatic that both our
own and prior estimates of the homeostatic turnover of this
compartment (Ga¨bler et al., 2007, Gray et al., 2007). We found
that the regenerative capacity of the Aire+ mTEC subset corre-
lated with the presence of the MHC class IIlo subset, as MHC
class IIhi mTECs remained underrepresented for at least
1 week following more thorough mTEC ablation. These results
support a precursor-product relationship among at least a sub-
set of mTECs within the MHC IIlo pool and Aire+ mTECs.
We also found that recovery of the Aire+ mTEC subset
following targeted ablation was critically dependent on signaling
from RANK-L, as a blocking antibody to this ligand completely
prevented the reemergence of Aire+ mTECs after DT treatment.
Previously, it has been suggested that RANK signaling might
be important predominantly during initial stages of mTEC devel-
opment (White et al., 2008). However, the data here clearly
demonstrate a significant contribution of RANK signaling to the
homeostatic turnover of the Aire+ mTEC subset in control, non-
ablated adult mice, thus highlighting the importance of RANK
signaling in the induction of Aire+ mTECs in adulthood. Interest-
ingly, our analysis of mTEC proliferation during recovery from
diphtheria toxin ablation suggested that RANK signaling might
allow the maturation and induction of Aire expression by control-
ling proliferation of precursor populations, as mTEC proliferation
across all subsets was suppressed to homeostatic amounts in
the absence of RANK signaling.
Taken together, these results demonstrate that the mTEC
compartment is highly dynamic and provide evidence of rapid
turnover and tight regulation of Aire expression. This coordinated
expression and turnover may be critical for the maintenance of
central tolerance. In this regard, the continued turnover and
replacement of Aire mTECs may help ensure a broad display
of TSAs to the developing T cell repertoire. Detailed analysis of
TSA expression has demonstrated that this process is stochastic
with a somewhat random distribution of TSAs in mTECs (Derbin-
ski et al., 2008, Villasen˜or et al., 2008). Through rapid turnover
and replacement of mTECs, random TSA expression in any sin-
gle mTEC can still be anatomically and spatially spread out in the
medullary compartment for the maintenance of tolerance to
TSAs. Finally, our results make important modifications to the
prevailing model of Aire+ mTECs representing a terminally differ-
entiated cell population by identifying a post-Aire stage in which
both Aire and maturation markers are lost. The existence of this
post-Aire state suggests that future work addressing properties
of mTEC subsets should seek to further identify pre- and post-
Aire mTECs and may help in more precisely identifying which
mTEC subsets harbor the dramatic regenerative potential which
we observed in our DT ablation system.EXPERIMENTAL PROCEDURES
Mice
Generation ofAire-DTR andAire-Cremice and sources of preexisting strains is
described in the Extended Experimental Procedures. All micewere housed in a
specific-pathogen free facility at UCSF, and the UCSF Institutional Animal
Care and Use Committee approved all experiments.
In Vivo Mouse Treatments
Diphtheria toxin (DT, Sigma-Aldrich) was administered at a dose of 25–50 ng/g
via intraperitoneal (i.p.) injections for all experiments, with the exception of the
RANK-L blocking experiment, in which DTwas given via retro-orbital injections
to mice anesthetized with a ketamine/xylazine mixture. RANK-L (clone IK22/5)
or a Rat IgG2a isotype control (clone 2A3) were purchased fromBio-X-Cell and
injected i.p. at 250 mg per dose as indicated. Tamoxifen (Sigma-Aldrich) was
dissolved in corn oil (Sigma-Aldrich), and 2 mg doses were administered by
oral gavage unless otherwise indicated. All treatments were performed on
mice near 6–8 weeks of age.Flow Cytometry
Thymocytes and splenocytes were isolated by mashing thymi or spleen and
filtering through a 70 mMcell strainer, followed by red blood cell lysis for spleen
samples. TECs were isolated by mincing and collagenase/dispase digestion
(Gardner et al., 2008), followed by stromal cell enrichment on Percoll or Percoll
PLUS gradients (GE Healthcare). Cells were blocked with 2.4G2 antibody at
20 mg/ml and stained with the indicated surface marker antibodies
(BioLegend). For intracellular staining, Anti-Aire-A647 (eBioscience) and anti-
Ki67-PE (BDBiosciences) were usedwith the eBioscience Foxp3/transcription
factor buffer set. Cells were analyzed on BD LSRII and Fortessa cytometers,
and cells were sorted on BD FACSAria III cytometers. Data were analyzed
with BD FACS Diva and Flow Jo (Tree Star). Forward scatter versus side scat-
ter and DAPI dead cell exclusion was applied to nonfixed samples.Quantitative PCR
Sorted cells were collected in a 50:50 mixture of Dulbecco’s modified Eagles’
medium and fetal bovine serum, and RNA was extracted with a QIAGEN
RNeasy Micro kit, according to the manufacturer’s instructions. cDNA was
synthesized with an Invitrogen Superscript III kit, and inventoried Applied Bio-
systems Taqman gene expression assays were used for all targets. All targets
were standardized to Cyclophilin A (Ppia) signals.Statistical Analysis
Student’s t tests (two-tailed with Welch’s correction) were performed using
Microsoft Excel and Prism (Graph Pad). Analysis of mTEC densities was per-
formed with a paired t test.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
two figures and can be found with this article online at http://dx.doi.org/10.
1016/j.celrep.2013.08.038.ACKNOWLEDGMENTS
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